In the context of an evolutionary study of the chemical communication in termites, sex pheromones and trail-following pheromones were investigated in two Termopsidae, Zootermopsis nevadensis and Z. angusticollis. In these species, in which the presence of sex-specific pheromones has been demonstrated previously, the chemical structure of the female sex pheromone has now been identified as (5E)-2,6,10-trimethylundeca-5,9-dienal and the male sex pheromone as (+)-or (-)-syn-4,6-dimethyldodecanal. The amount of sex pheromone was estimated at 5-10 ng per individual in females and 2-5 ng in males. Because these two sympatric species do not differ in their pheromonal chemical composition, reproductive isolation is probably mediated chiefly by differences in dispersal flight chronology. The trail-following pheromone was shown to be composed of the same compound as the male sex pheromone, that is syn-4,6-dimethyldodecanal. The compound syn-4,6-dimethyldodecanal was 10 times more active than the racemic (+/-)-syn + (+/-)-anti-4,6-dimethyldodecanal in eliciting trail-following. The amount of syn-4,6-dimethyldodecanal was estimated at 0.1-0.5 ng per pseudergate. Regarding the phylogenetic aspects, the nature of the female sex pheromone of Zootermopsis is structurally akin to the trail-following pheromone of Mastotermes darwiniensis of Mastotermitidae and Porotermes adamsoni and Stolotermes victoriensis of Termopsidae. Interestingly, the nature of the trail-following pheromone of the Termopsinae Zootermopsis is clearly different from that of the Porotermitinae P. adamsoni and the Stolotermitinae S. victoriensis, which mirrors recent molecular data on the paraphyly of Termopsidae.
INTRODUCTION
Termites of the Termopsidae have among the most 'simplistic' of social life histories, and are generally thought to be representative of the first ancestral dwelling termites (Shellman-Reeve, 1997; Thorne, 1997; Thorne & Traniello, 2003) . Of particular interest, previous studies of pheromonal chemical communications used during the recruitment of sexual partners, and during foraging and colony feeding, reveal many unique characteristics within species of this family. For example, pheromonal communication appears to be exhibited and used by both sexes (Pasteels, 1972) . However, a knowledge of the chemical structure of the sex pheromones and trailfollowing pheromones of species within this family, and the detailed behavioural responses to them, has long been lacking, and this knowledge is needed for meaningful comparisons across other termite lineages for which some data are known (Bordereau & Pasteels, 2010) .
In the context of an historical evolutionary study of chemical communication strategies in termites, we investigated both sex pheromones and trail-following pheromones in two representatives of this key group of termites. Sex pheromones facilitate the initial attraction of sexual partners after the dispersal flight of alates, whereas trail-following pheromones elicit the recruitment and orientation of workers and soldiers during foraging. We consider, too, that trailfollowing pheromones are also often used by swarming imagoes during the nuptial promenade preceding nesting. In many species of termite, as in Termopsidae, these pheromones are secreted by a homologous abdominal gland, the sternal gland (Noirot, 1969) . According to Traniello & Leuthold (2000) , the gland's ancestral function would have been to mediate the tandem running of swarming imagoes at the time of the nuptial promenade. It would later have evolved in a more specialized function in derived species, to induce mass recruitment and the orientation of foragers. Therefore, our study seeks to characterize the sex pheromones and trailfollowing pheromones of termites of this more basal lineage of Termopsidae, which has the 'one-piece' ecological nest type and simpler social life history, so that comparisons can be made with those of the more derived lineage of termites, which has a 'separate life' ecological nest type that involves foraging outside the nest and which typically has a more complex social life history (Abe, 1987) .
We report here the chemistry results obtained from two species of Termopsidae: Zootermopsis nevadensis (Hagen), a dampwood termite distributed in the western USA, and introduced in Japan in 1999 (Morimoto, 2000) , and its sympatric sister species, Z. angusticollis (Hagen) . In these species, calling behaviour was observed in both sexes (Pasteels, 1972; Shellman-Reeve, 1999) , and the emission of female and male unidentified sex-specific pheromones had been demonstrated by Pasteels (1972) and Stuart (1975) . That both sexes use pheromones during mate attraction appears to be an ancestral character; sex pheromones are only secreted by female individuals in derived termites (Noirot, 1969; Ampion & Quennedey, 1981) . We elucidate, for the first time, the chemical structure of the sex pheromones of Termopsidae.
Trail-following pheromones of termites were demonstrated for the first time using the 'one-piece' termites Zootermopsis and Kalotermes (Lüscher & Müller, 1960; Stuart, 1961) . The existence of trailfollowing pheromones in termites whose individuals do not forage away from the nest was questioned (Ritter & Coenen-Saraber, 1969 ), but Stuart (1963 Stuart ( , 1967 Stuart ( , 1969 suggested that the pheromone served as an alarm signal eliciting the excitation and recruitment to sources of disturbance within the nest. In fact, pseudergates of Zootermopsis also use trailfollowing pheromones to build external galleries (Bordereau & Pasteels, 2010) . Moreover, the existence of external foraging by pseudergates of Prorhinotermes demonstrated that the communication by pheromone trail was already present in termites without true workers (Rupf & Roisin, 2008) . The trail-following pheromone of Z. nevadensis was previously attributed to hexanoic acid by Hummel & Karlson (1968) and Karlson, Lüscher & Hummel (1968) . However, Tschinkel & Close (1973) noted that hexanoic acid had only 2% of the specific activity of the sternal gland extracts. We reinvestigated the chemical structure of this trail pheromone.
To fully characterize the sex pheromones and trail pheromone, we employed the solid phase microextraction (SPME) technique which allows the precise extraction of pheromone at the glandular source. In addition, we verified the validity of our findings using bioassays involving sexually mature dealates, nymphs (individuals with wing pads) and pseudergates (false workers) (see termite terminology in Thorne, 1996) .
MATERIAL AND METHODS

INSECTS
Termites collected in California and reared in France in rooms under controlled stable conditions (T = 20°C; relative humidity, 70%) were studied. Male and female alates of Z. nevadensis and Z. angusticollis possess a hypertrophied sternal gland located in front of the fourth abdominal sternite. In our Z. nevadensis specimens, the surface of the sternal gland was similar in both sexes (1400-1600 mm ¥ 500-600 mm), but the thickness of the glandular epithelium was clearly greater in females (120-140 mm) than in males (50-60 mm) (N = 3), giving a glandular volume twice as large in females than in males. This sexual dimorphism of the sternal gland has already been noted by Stuart (1975) and Ampion & Quennedey (1981) . Alates of Zootermopsis do not have tergal glands. Pseudergates have a sternal gland located in front of the fourth abdominal sternite (700 ¥ 250 mm in surface).
BIOASSAYS
Sex attraction bioassays were made on alates recently received from California, or on alates differentiating in reared colonies. These bioassays involved the measurement of the time spent by dealates on small papers impregnated with glandular extracts or standards (see details in Bordereau et al., 2002) . The results were analysed using a Mann-Whitney test.
Trail-following bioassays assessed only the orientation behavioural effect. Termites were tested in 'openfield' conditions, the termites being free to move on a paper surface on which artificial trails were laid, and in a 'T-maze'-guided situation, giving a choice between two branches of a T-tunnel formed in a perspex block. Trails were 10 cm in length in both situations. Thirty replicates of each bioassay were run (see details in Sillam-Dussès et al., 2007) . The results were analysed using a c 2 test for 'T-maze' bioassays.
CHEMICAL ANALYSES
Pheromones were extracted with the SPME technique used in Bordereau et al. (2002), and Sillam-Dussès et al. (2007) . The sternal glands of cold anaesthetized termites were rubbed beneath a stereomicroscope with a polydimethylsiloxane/divinylbenzene-type fibre. Surface chemicals were accumulated on the fibre before thermal desorption in a gas chromatographic injector. Five to twenty dealates were used per analysis for sex pheromones, and 20-30 pseudergates or nymphs (individuals with wing pads) for trail pheromone. The analyses were repeated five times for dealates and eight times for pseudergates.
Gas chromatography-mass spectrometry (GC-MS) analyses were carried out with a 5973N Mass Selective Detector coupled to a 6890 gas chromatograph (Agilent Technologies, Palo Alto, CA, USA) fitted with a split-splitless injector and a DB™-Wax (J & W Scientific) column or a HP5 column. Columns were heated from 40 to 240°C at 5°C min -1
. Helium was used as carrier gas at a constant velocity of 37 cm s -1 . The temperature of the injector was set to 250°C. Electron ionization (EI) mass spectra were obtained at 70 eV with the instrument scanning from m/z 29 to 450 in a 0.7-s cycle.
Positive chemical ionization (PCI) mass spectra were generated with ammonia (PCI-NH3) or methane (PCI-CH4) as reagent gas. The instrument was scanned from m/z 60 to 300 in a 0.7-s cycle. Negative chemical ionization (NCI-OH -) spectra were generated with N2O and NH3 producing OH -reagent ions.
Microhydrogenolysis was performed in line with GC-MS by means of a fused silica capillary reactor coated with palladium, according to Le Quéré et al. (1989) .
Fourier transform infrared (FTIR) spectra were obtained in the gas phase on a Tracer Bio-Rad Digilab spectrometer coupled to a Hewlett-Packard 5890 II (Palo Alto, CA, USA) gas chromatograph fitted with a split-splitless injector and a DB™-Wax column.
Spectral resolution was fixed at 8 cm
.
SYNTHESIS OF STANDARDS
(E)-and (Z)-isomers of 2,6,10-trimethylundeca-5,9-dienal were synthesized by the Darzens condensation of ethyl chloroacetate with geranylacetone (Fluka) and nerylacetone (Fluka), respectively, followed by hydrolysis of the intermediate ester and decarboxylation (Kulesza & Gora, 1969) . The mixture of the four stereoisomers of 4,6-dimethyldodecanal was prepared using a synthetic scheme in which the key step was a Wittig reaction between methyl 4-methyl-5-oxo-methylpentanoate and (2-octanyl)-triphenylphosphonium iodide, and (+/-)-syn-4,6-dimethyldodecanal was synthesized starting from 3,5-dimethyl-2-cyclohexen-1-one (Ghostin, 2008) .
RESULTS
SEX PHEROMONES
A comparison of GC profiles of SPME extracts from the sternal gland surface and the abdominal tergal surface revealed compounds specific to the sternal gland surface in female and male alates of Z. nevadensis ( Fig. 1) . Similar results were obtained with alates of Z. angusticollis.
The specific compound from females has a linear retention index (LRI) of 1868 on a DB™-Wax polar column and 1523 on an HP5 apolar column. The FTIR spectrum (Fig. 2) shows a stretching vibration band n C=O at 1723 cm -1 and a deformation vibration band 2dC-H at 2724 cm
, characteristic of an aldehyde group. An ethylenic unsaturation was also shown by the stretching band nC=C at 1676 cm -1
. From the EI SEX AND TRAIL PHEROMONES IN ZOOTERMOPSIS 521 ( Fig. 3 ) and PCI spectra, the molecular mass was determined as 208, and the natural isotopic contribution indicated the empirical formula C14H24O with an equivalent unsaturation number of three. The spectral characteristics of this female compound were similar to those of 2,6,10-trimethylundeca-5,9-dien-1-ol, the trail pheromone of Mastotermes darwiniensis (Sillam-Dussès et al., 2007) . The closest structure was 2,6,10-trimethylundeca-5,9-dienal, which was confirmed by subsequent synthesis (Fig. 3) . The LRI of the (E)-and (Z)-isomers of the standard indicated that the female-specific compound of Z. nevadensis was (5E)-2,6,10-trimethylundeca-5,9-dienal. The compound of Z. angusticollis females was identical. From 
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a comparison of the peak areas of the standard and the biological compound, the quantity of (5E)-2,6,10-trimethylundeca-5,9-dienal was estimated to be about 5-10 ng per female.
Bioassays of female sex pheromone
Because the number of alates available was limited, bioassays of sex attraction could be made only on Z. nevadensis (Table 1) . Extracts of female sternal glands were highly attractive to males. Dealated males spent nearly 2 min during the 3 min of the test on papers impregnated with female sternal gland extracts, showing a typical sexual excitement behaviour with antennating and palpating of the papers. In contrast, dealated males only spent a few seconds on papers impregnated with male sternal gland extracts and did not show any sexual behaviour. The synthetic (5E)-2,6,10-trimethylundeca-5,9-dienal was highly attractive to male dealates with as little as 1 ng. Additional choice tests revealed that an extract of one female sternal gland elicited more activity in males than 1 ng of synthetic (5E)-2,6,10-trimethylundeca-5,9-dienal, but less activity than 10 ng.
In males, the specific compound has an LRI of 1770 on a DB™-Wax polar column, and an LRI of 1501 on an apolar HP5 column. The FTIR spectrum (Fig. 4) indicated a carbonyl group (stretching vibration band n C=O at 1723 cm . Electron ionization mass spectrum (70 eV) of (5E)-2,6,10-trimethylundeca-5,9-dienal, the female sex pheromone of Zootermopsis nevadensis (molecular mass, 208). The asterisk indicates the chiral carbon. Table 1 . Sex attraction bioassays for the female sex pheromone. This table indicates the time (s) spent by dealated males on papers impregnated with hexane, an extract of female sternal glands or (5E)-2,6,10-trimethylundeca-5,9-dienal at three different concentrations. At a concentration between 1 and 10 ng, (5E)-2,6,10-trimethylundeca-5,9-dienal is as active as an extract of a female sternal gland. N = number of repetitions; significance set at P < 0. . The isotopic contribution suggested the empirical formula C14H28O, with an equivalent unsaturation number of unity, corresponding to the carbonyl group. The structure of the compound could not be determined from EI spectral libraries. Microhydrogenolysis of the compound led to the formation of a branched hydrocarbon, the EI mass spectrum of which corresponded to 3,5-dimethylundecane. This product could arise from either 4,6-dimethyldodecanal or 8,10-dimethyldodecanal. However, the fragmentation pattern in the EI mass spectrum of the male pheromone (Fig. 5 ) was more consistent with the former structure. That the specific male compound was indeed 4,6-dimethyldodecanal (Fig. 5 ) was confirmed by synthesis of (+/-)-syn-4,6-dimethyldodecanal and the (+/-)-syn + (+/-)-anti mixture, and with the use of the synthetic compounds in female attraction trials. Comparison of the LRI of the two diastereoisomers and the natural pheromone indicated that the male compound was the synenantiomer (LRIs of 1770 and 1772 on a DB™-Wax column, and LRIs of 1495 and 1496 on an HP5 column for the biological compound and the syndiastereoisomer, respectively). The amount of syn-4,6- dimethyldodecanal was estimated to be 2-5 ng per individual. The absolute configuration (4R,6S or 4S,6R) of the natural pheromone has not been determined.
Bioassays of male sex pheromone
Sex attraction bioassays showed the strong attraction of extracts of male sternal glands for female dealates (Table 2) . Females were slightly, but significantly, attracted by papers impregnated with 10 -2 and 10 -1 ng of (+/-)-syn + (+/-)-anti-4,6-dimethyldodecanal, but did not show any actual excitement behaviour. Nevertheless, higher doses of (+/-)-syn + (+/-)-anti-4,6-dimethyldodecanal (1 and 10 ng) clearly elicited greater attraction and excitement, with palpation and antennation of papers. Choice tests between extracts of male sternal gland and (+/-)-syn + (+/-)-anti-4,6-dimethyldodecanal indicated an amount close to 1 ng (+/-)-syn + (+/-)-anti-4,6-dimethyldodecanal per male alate, slightly lower than the chemically estimated amount. Male dealates were not attracted by (+/-)-syn + (+/-)-anti-4,6-dimethyldodecanal at any concentration. It should be noted, however, that our findings revealed that opposite sex members responded more vigorously to bioassays with greater concentrations of pheromones. Within natural biological values, it would be interesting to test the degrees of mate attractiveness by determining whether concentrations differ per individual, and if those with greater concentrations are more attractive to the opposite sex.
TRAIL-FOLLOWING PHEROMONE
In pseudergates of Z. nevadensis, the GC profiles after SPME of the sternal gland cuticle and the abdominal tergal cuticle showed common compounds, essentially cuticular hydrocarbons from C21 to C31, and a compound specific to the sternal gland surface, with an LRI of 1770 on a polar column (DB™-Wax) and 1502 on an apolar column (HP5) (Fig. 6 ). The EI mass spectrum was identical to that of the male-specific compound, and the microhydrogenolysis online also led to the formation of 3,5-dimethylundecane. From these data, it can be concluded that the compound specific to the sternal gland of pseudergates is identical to syn-4,6-dimethyldodecanal of male alates. The amount of syn-4,6-dimethyldodecanal was estimated to be 0.1-0.5 ng per pseudergate. The same compound was also present and specific to the sternal gland cuticle of male and female nymphs, including long wing pad nymphs close to imaginal moult. In pseudergates and nymphs, hexanoic acid was present in similar and very small amounts (0.01 ng per pseudergate) on the surface of the sternal gland and the abdominal tergal cuticle. syn-4,6-Dimethyldodecanal was also identified in pseudergates of Z. angusticollis.
Bioassays of trail pheromone
As a result of the sample sizes, trials could be performed only with Z. nevadensis. In 'open field' trailfollowing bioassays, pseudergates correctly followed artificial trails made of sternal gland extracts of pseudergates at only relatively high concentrations (4.3 ± 0.6 cm at 10 -1 gland cm -1
; 8.4 ± 0.9 cm at 1 gland cm
; N = 30). They also followed trails made with sternal gland extracts of male dealates (4.2 ± 0.8 cm at 10 -2 gland cm -1
; 6 ± 1.6 cm at 10
), but trails made of sternal gland extracts of female dealates did not elicit trail-following even at low concentrations.
T-maze-guided trail-following bioassays showed good trail-following with trails made of 10 -1 pseudergate sternal gland cm , and (+/-)-syn + (+/-)-anti-4,6-dimethyldodecanal from 10 -1 ng cm -1 (Table 3) . When given a choice between a trail made of extracts of pseudergate sternal gland at 10 -1 gland cm
and (+/-)-syn + (+/-)-anti-4,6-dimethyldodecanal at 1 ng cm -1
, pseudergates followed each equally well. Importantly, as expected, (+/-)-syn-4,6-dimethyldodecanal was 10 times more efficient than the racemic (+/-)-syn + (+/-)-anti-4,6-dimethyldodecanal. These results showed that syn-4,6-dimethyldodecanal was not only the male sex pheromone, but also the trailfollowing pheromone of Zootermopsis. 10 ng cm
DISCUSSION
Mate choice and the evolutionary strategies underlying lifetime choice of a partner have only recently begun to be explored experimentally in termites. Because both sexes provide extensive care to young, especially during the first year of colony development, mate choosiness by both sexes is expected in such species (Shellman-Reeve, 1999) . Physical attributes, such as fat content, body weight, head width, kinship affiliation and even level of genetic heterozygosity, appear to be key attributes for pair-forming males and females (Shellman-Reeve, 1999 , 2001 Matsuura & Nishida, 2001; Kitade et al., 2004; Husseneder & Simms, 2008) . Moreover, males and females appear to have different criteria and mating strategies when choosing a partner (Shellman-Reeve, 1999; Husseneder & Simms, 2008) . However, the underlying olfactory cues, i.e. the pheromones that alert the sexes of a potential mate, are only generally known (Nutting, 1969; Bordereau & Pasteels, 2010) . Details of the pheromonal chemistry are just beginning to emerge (for the state of our present knowledge, see Bordereau & Pasteels, 2010) . Nevertheless, especially absent is a knowledge of the sex differences in the chemical structure of pheromones that advertise 'mate availability'. For most termites, pairing is mediated through the emission of a female sex pheromone at the time of dispersal flight (Nutting, 1969; Bordereau & Pasteels, 2010) . However, the presence of sexual glands in male and female alates of the Mastotermitidae M. darwiniensis, Termopsidae, Kalotermitidae and Rhinotermitidae (Prorhinotermitinae) (Ampion & Quennedey, 1981) strongly suggests a reciprocal sexual attraction in basal termites. Unfortunately, behavioural and experimental data on pheromone emission are generally lacking. Post-flight behaviour of M. darwiniensis is totally unknown. In Kalotermes flavicollis, alates of both sexes possess tergal glands, and tandems headed by males are frequent (Grassé, 1942) , but the attraction would not be sex specific according to Wall (1971) . The Prorhinotermitinae Prorhinotermes (Rhinotermitidae) might be a key step in the evolution of the sexual communication of termites as, although alates of both sexes have tergal glands, apparently pheromonal advertisement for a mate is initiated solely by females (Hanus et al., 2009) . Indeed, in other Rhinotermitidae, pheromonal attractiveness is advertised only by females, as in the most derived termites, the Termitidae, where the tergal glands, when present, are only evident in females (Ampion & Quennedey, 1981) .
Zootermopsis is the only termite in which specific pheromones for each sex have been clearly demonstrated (Pasteels, 1972 for Z. nevadensis; Stuart, 1975 for Z. angusticollis). Our study confirms these previous results, and now identifies the chemical structure for the two pheromones. The female sex pheromone of Zootermopsis nevadensis is (5E)-2,6,10-trimethylundeca-5,9-dienal and the male sex pheromone is syn-4,6-dimethyldodecanal. The same compounds have been identified in Z. angusticollis as specific components of the sexual glands, in female and male alates, respectively. The sex pheromones of these two sympatric species are probably identical, and their reproductive isolation results from a different chronology of their dispersal flights, as observed in many species of termite (Bordereau & Pasteels, 2010) . In the western USA, males and females of Z. nevadensis typically disperse from 16:00 h to 18:30 h PST, whereas alates of Z. angusticollis fly from 18:00 h to 20:00 h (Shellman-Reeve, 1994 , 1999 .
The compounds syn-4,6-dimethyldodecanal and (5E)-2,6,10-trimethylundeca-5,9-dienal have not been reported previously in termites, where sex pheromones have been identified as unsaturated C 12 alcohols [(Z)-dodec-3-en-1-ol, (3Z,6Z)-dodeca-3,6-dien-1-ol, (3Z,6Z,8E)-dodeca-3,6,8-trien-1-ol] in Rhinotermitidae and Termitidae (Macrotermitinae, Syntermitinae) and diterpenes (neocembrene and trinervitatriene) in Termitidae (Nasutitermitinae) (Bordereau & Pasteels, 2010) . On the other hand, (5E)-2,6,10-trimethylundeca-5,9-dienal is the aldehyde corresponding to the alcohol (5E)-2,6,10-trimethylundeca-5,9-dien-1-ol identified as the trail-following pheromone of the basal termites M. darwiniensis, Porotermes adamsoni and Stolotermes victoriensis (Sillam-Dussès et al., 2007) .
The trail-following pheromone of Z. nevadensis was previously claimed by Hummel & Karlson (1968) and Karlson et al. (1968) to be hexanoic acid. Using the SPME technique, we clearly showed that this compound is present in similar amounts on the whole surface of the abdominal integument, tergites included, of pseudergates, which demonstrates that it is not the actual trail-following pheromone, even though it is able to elicit some trail-following. It is known that termites can be sensitive to numerous compounds, even unnatural compounds, the best example being that of 2-phenoxyethanol (Chen, Henderson & Laine, 1998) . In fact, the present study showed that the trail-following pheromone of Z. nevadensis is syn-4,6-dimethyldodecanal, the same compound as the male alate sex pheromone. It is secreted by pseudergates and nymphs of both sexes, but, after the imaginal moult, it is secreted by male alates only. Pasteels (1972) has already noted that nymphs do not distinguish between artificial trails made of nymph or adult male extracts. The author suggested that young male adults produce some trail pheromone, which may be in an SEX AND TRAIL PHEROMONES IN ZOOTERMOPSIS 527 admixture with the sex pheromones. (+/-)-syn-4,6-Dimethyldodecanal is 10 times more active in eliciting trail-following than the mixture (+/-)-syn + (+/-)-anti-4,6-dimethyldodecanal.
Termites are very parsimonious in their strategies of chemical communication (Pasteels & Bordereau, 1998; Bordereau & Pasteels, 2010) , in contrast with other social insects, such as ants, which use highly diversified and specific chemical pheromone strategies (Billen & Morgan, 1998; Morgan, 2009 ). The trail-following pheromones and the sex pheromones of termites can indeed be identical, especially in species with enlarged female sternal glands (Bordereau et al., 1991 (Bordereau et al., , 1993 Laduguie et al., 1994; Robert et al., 2004) . The role of the pheromone depends on both the involved caste, and the concentration at which it is secreted: a low concentration for trail-following pheromone, and a higher concentration for sex pheromone. This could be explained by the supposed evolution of the role of the sternal gland for mate attraction in the prototermite ancestors to additional social functions in derived termites (Traniello & Leuthold, 2000) . However, trail-following pheromones and sex pheromones can also be identical in species in which the sex pheromone is secreted by female tergal glands (Bordereau et al., 2002) . Nevertheless, the phenomenon is not general. In many species, the trailfollowing pheromones and sex pheromones are different (Peppuy et al., 2001a, b; Bordereau & Pasteels, 2010) .
Zootermopsis, with two sex-specific pheromones, the trail-following pheromone identical to the male sex pheromone and the absence of trail-following pheromone in female alates, appears to be unique in termites. However, the absence of trail-following pheromone can be compared with the situation observed in the African harvester termite, Hodotermes mossambicus, and might also be related to special courtship behaviour. In H. mossambicus, sexual pheromonal advertisement is assumed by male alates which possess a very large sternal gland, the extracts of which do not elicit trail-following, in contrast with female sternal glands (Leuthold & Bruinsma, 1977) . If this is not simply a result of pheromone concentration, as termite workers are sensitive to pheromones within a precise range of concentration (Bordereau & Pasteels, 2010) , it could be linked to the absence of nuptial promenade during the post-flight of this termite. After choosing a nesting site, the male of H. mossambicus takes a calling attitude and immediately starts to dig the nest as soon as a female is attracted by the airborne male pheromone (Leuthold & Bruinsma, 1977) . Highly suitable logs attract high densities of alates of Zootermopsis species (ShellmanReeve, 1999) . The pheromonal cues associated with post-flight behaviour of Zootermopsis are not known in detail, but, in this species, pairing begins rapidly once individuals crawl beneath the bark. However, in more than one-half of pairings, at least one partner attempts to find a better 'quality' mate (ShellmanReeve, 1999 ). Mate choice strategies are different for each sex, and the situation for the females of Zootermopsis, which essentially exhibit a 'stay and invite strategy ' (Shellman-Reeve, 1999) , might be similar to that of H. mossambicus males.
Finally, our study on sex-and trail-eliciting pheromones of Zootermopsis highlights some phylogenetic aspects. The phylogeny of termites remains controversial and recent molecular phylogenetic studies have led to contradictory results for the respective position of basal families, especially for Termopsidae (Donovan et al., 2000; Kambhampati & Eggleton, 2000; Thompson, Kitade & Crozier, 2000; Inward, Vogler & Eggleton, 2007; Legendre et al., 2008) . Although this family is generally considered to be the second diverging lineage within termites after Mastotermes, Legendre et al. (2008) considered Kalotermitidae to be more basal than Termopsidae. Our results on pheromones do not support this unusual position, as trail-following pheromones of the Termopsidae P. adamsoni and S. victoriensis are identical to that of M. darwiniensis (Sillam-Dussès et al., 2007) , whereas trail-following pheromones of the monophyletic Kalotermitidae are (Z)-dodec-3-en-1-ol, a C 12 alcohol also secreted by the derived Termitidae (Sillam-Dussès et al., 2009 . The female sex pheromone of Zootermopsis is also the aldehyde corresponding to the alcohol of the trail-following pheromone of M. darwiniensis, which belongs to the most basal lineage of the termites, and is close to that of Termopsidae. Phylogenetic relationships between Termopsidae and Hodotermitidae also remain questionable. These two families were grouped in a single family, Hodotermitidae (Ahmad, 1950; Krishna, 1970; Emerson & Krishna, 1975 ), whereas Grassé (1949 elevated Termopsinae, Porotermitinae and Stolotermitinae to a family rank, Termopsidae. However, recent molecular phylogenetic studies support the paraphyly of Termopsidae (Inward et al., 2007; Legendre et al., 2008) , which agrees with the presence of different trail-following pheromones in Porotermitinae and Stolotermitinae, on the one hand, and Termopsinae, on the other. In fact, from a pheromonal point of view, Termopsinae appear to be more closely related to Hodotermitidae than to Porotermitinae and Stolotermitinae. The trail-following pheromone of H. mossambicus has not been fully identified to date, but it is also an aldehyde as in Zootermopsis, and unlike all other trail-following pheromones of termites identified so far (Bordereau & Pasteels, 2010 
